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Abstract 
The ruins of medieval Episcopal Castle of Haapsalu in Estonia are planned to be taken into use as a museum. Due to 
conservational, architectural or economic reasons, it is difficult or sometimes also impossible to install climate systems into 
historic buildings. Before the design process, indoor climate measurements have been carried out to get an overview of the 
current situation, the needs for changes, to get data for model calibration and to work out the design strategy. Combined heat, air, 
and moisture simulations were performed with IDA-ICE software together with different indoor climate control strategies and 
different outdoor climatic conditions (typical year, warm summer, cold winter, humid autumn). The interaction of indoor air and 
moisture performance of building envelope was taken into account. Simulation model was calibrated based on field 
measurements and the results of simulations showed reasonable agreement with field measurements. By simulations, different 
climate control systems were analyzed and their necessity and the extent of performance were determined. The main target is to 
find out capability of passive measures for climate conditions to avoid active drying and humidifying. 
Results showed that: with only passive indoor climate measured the indoor climate is strongly dependent of the outdoor climate 
as well as the massive limestone walls with large thermal and moisture capacity. Without indoor climate systems there is 
extensive indoor temperature and relative humidity fluctuation throughout the year. To ensure suitable indoor climate, room 
heating, humidification during winter period, and dehumidification during summer and autumn periods is needed. It was difficult 
to provide strict required indoor climate conditions for museums through the year only with passive measures. 
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1. Introduction 
The design of indoor climate in museums is a complex, multidisciplinary problem. Integrated design is needed to 
guarantee the conservation of objects and architecture as well as to reach high performance in energy efficiency, 
indoor climate and moisture safety in building physics. The solution should fulfil the need for preservation of 
interior objects and the building itself as well provide appropriate climate conditions for human comfort. Indoor 
climate is strictly conditioned in modern museums [1,2]. 
It is attractive to house museums in monumental buildings that also have heritage value. Usually these heritage 
buildings were not originally built for the purpose of being a museum. While designing suitable indoor climate in 
monumental buildings, it is necessary to pay extra attention to using the space for building service systems. 
Building’s massive walls with large thermal transmittance and large heat and moisture capacity are essential to take 
into account. Poor indoor climate design can cause damage to the artefacts in a museum. The deterioration of 
wooden objects [3–5], mould growth [6,5], and indoor air pollution [7] can occur. There have been many case 
studies on museums in monumental buildings. Schellen and Martens [8] conducted a case study in the Netherlands 
and investigated the indoor climate and HVAC systems in local monumental museums. In their study, Kramer et al. 
[9] showed how different ASHRAE’s museum climate classes influence energy use and protect artefacts. Arumägi 
et al analysed the renovation possibilities of indoor climate in the Old Observatory in Tartu [10]. A RH-sensitive 
heating and ventilation system was developed to keep the RH and temperature at target level. 
For the preservation of the artefacts in a museum, complex and large climate systems are needed. There are many 
possibilities to provide indoor climate in medieval buildings with valuable interior [11, 12]. Due to conservational, 
architectural or economic reasons, it is difficult or sometimes also impossible to install these systems into historic 
buildings. 
In this study, indoor climate simulations for the museum in Episcopal Castle of Haapsalu are conducted to 
investigate the indoor climate and the necessity of different climate systems in monumental museum. The main 
target is to find out capability of passive measures for climate conditions to avoid active drying and humidifying. 
2. Methods 
2.1. Building and measurements 
Episcopal Castle of Haapsalu was established in the 13th century and it is one of the oldest castles in Estonia 
(Fig. 1). It has massive walls typical of a medieval stronghold castle. The castle is located in the city centre of 
Haapsalu and today, it accommodates a museum and the dome church. 
 
a 
 
b 
 
Fig. 1 (a) Episcopal Castle of Haapsalu; (b) first floor plan view of the castle 
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Indoor climate measurements in the Castle of Haapsalu were carried out in autumn 2015 to obtain data for the 
calibration of indoor climate simulation model. Temperature and relative humidity were measured with HOBO U-
12 001 data loggers with the interval of 15 minutes. In total, 9 loggers were used: 3 located in the dome church, 2 in 
the castle cellar, 2 on the first floor of the castle (Fig. 1, b), and one on the third floor of the castle. 
2.2. Simulation 
Since the envelope of the church has a massive heat and moisture capacity, it is essential to use dynamic 
computer simulation to calculate the church’s indoor climate and energy usage. IDA Indoor Climate and Energy 
software [13, 14] was used for indoor climate and energy simulations. This software is meticulously validated [15–
20] allowing the modelling of a multi-zone building, internal and solar loads, outdoor climate, HVAC systems, 
dynamic simulation of heat transfer and air flows. It has also been used in many energy performance and indoor 
climate applications [21–25].  
In the programme, a mathematical model was created of the building where the movement of air, heat, and 
moisture through the structures and rooms and energy for heating, ventilation, and humidification-dehumidification 
were taken into account. 
In the mathematical model, three different wall types were used. The walls have been divided into 17…19 layers 
and to calculate moisture transfer, the common wall model RCWall should be replaced with the HAMWall model 
[26]. There were two external simulation walls and two internal walls. Because HAMWall can only be used as an 
external wall, one meter insulation layer was used as an outer layer of internal walls to cut the heat transfer with 
external environment. Structure material properties and hygric properties are presented in      Table 1 and      Table 
2. 
     Table 1. Structures, materials, and their thermal properties 
Structure 
Materials 
(from indoor to outdoor) 
Thickness 
d, m 
Thermal conductivity 
O, W / (m·K) 
Specific heat 
c, J / (kg·K) 
Density 
U, kg / m3 
Exterior wall 
Render 0.025 0.8 790 1800 
Lime stone masonry 1.45 1.5 880 2300 
Render 0.025 0.8 790 1800 
Attic floor 
Render 0.025 0.8 790 1800 
Limestone arch 0.4 1.5 880 2300 
Render 0.025 0.8 790 1800 
Floor 
Lime stone slab 0.25 1.5 880 2300 
Soil 1.0 2.0 1000 2000 
Door Wood 0.05 0.13 1.0 510 
     Table 2. Material’s hygric properties. 
 
Material 
Water vapour transmission1 Sorption isotherm2 
G0, m2/s B C RH1, % w1, kg/m3 RH2, % w2, kg/m3 
Limestone 1.89x10-7 6.4x10-7 4.7 82 80 100 100 
Render 2.929x10-6 3.8x10-6 10 20 57 100 82 
Wood 7.3x10-7 2.9x10-6 4.75 84 72 100 100 
1 Water vapour Gv = G0 + B(RH/100)c, m2/s, where G0, m2/s is if RH=0%, B and C are constants and RH, % 
2 Water vapour capacity relation to relative humidity is given with three lines: start: w=0kg/m3, RH=0%, first 
breakpoint: w1; RH1, second breakpoint: w2; RH2=100% 
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      Table 3. Simulation cases 
 
Outdoor climate Heating Ventilation 
H
um
id
if
ic
at
io
n 
m
in
: 4
0%
 
W
at
er
 s
ur
fa
ce
 
25
 m
2  
W
at
er
 s
ur
fa
ce
 
4 
m
2  
Pe
op
le
: 2
x 
pe
r 
da
y 
fo
r 
2 
h 
Si
m
ul
at
io
n 
ca
se
 
E
st
on
ia
nT
R
Y
 
W
ar
m
 s
um
m
er
 
H
um
id
 a
ut
um
n 
C
ol
d 
w
in
te
r 
W
in
te
r 
+
10
 °
C
 
V
en
til
at
io
n 
su
pp
ly
 
10
 °
C
 
C
on
se
rv
at
io
n 
he
at
in
g 
 
70
 %
 R
H
 
1 
l/(
s·
m
2 )
 
D
ay
; 2
.5
 l/
(s
·m
2 )
 
N
ig
ht
: 0
.3
 /(
s·
m
2 )
 
1 + + + + + +  +   +   
2 + + + + + + + +   +   
3 + + + + + +  +    +  
4 + + + + + + + +    +  
5  + +  + +   + + +   
6  + +  + +   + + +  + 
7  + +  + + +  + + +  + 
2.3. Climate and simulation models 
Because of the massive and complex construction of the building, only one typical room was investigated in the 
simulation. The validation of the simulation model was done with outdoor measurements from October to 
November 2015. 
Four different climate conditions were used to test how different climate conditions affect the indoor climate: 
EstonianTRY (Estonian test reference year for energy simulations [27]), warm summer, humid autumn, and cold 
winter. All simulation cases are presented in Table 3.  
Targets for indoor climate were: ti>10 °C and RH 40-70 %. 
Winter period heating of +10 °C was taken as a base line. Local room unit was added to the simulation with the 
set point of +10 ºC. Supply air temperature was also limited to +10 ºC. To this end, a heater was added to air 
handling unit to heat up the inlet air to +10 ºC. 
Conservation heating was added to prevent the relative humidity to rise above the desired set point. Local room 
heating unit was added to the simulation. The heater was controlled with relative humidity. When room relative 
humidity exceeded the given set point of 70% RH, the heater would start to work to decrease the RH level in the 
room. 
Two different ventilation airflow rates were used in the different cases of simulations: constant airflow rate of 
1 l/(s·m2) and variable airflow rates for day and night were used when 2.5 l/(s·m2) was used from 10:00 to 18:00 and 
during night, airflow rate of 0.3 l/(s·m2) was used. Different airflow rates were used to simulate more real 
conditions, where during day time, greater air change would be used during museum visiting hours. 
Room humidification (not in air handling unit) was used for some cases to prevent the RH to below desired limit. 
Humidifier was added to the air handling unit in the simulation. Set point of 40% RH was used for humidification. 
Water surface was used to simulate the massive heat and moisture capacity and moisture transfer between the 
room and the walls. Water surface of 25 m2 was received with the model calibration. Water surface of 4 m2 was used 
in two simulations to see how indoor climate and the energy consumption of climate control systems would change 
after longer period of time when the massive walls have dried out and the moisture transfer from walls to the room 
reduced.  
People were added to the simulation to see how their presence would change the indoor climate. Two 20 people 
groups were added to the simulations for two hours, from 11:00 to 13:00 and 14:00 to 16:00. 
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3. Results and Discussion 
3.1. Calibration of the model 
The model was calibrated according to the field measurements that were carried out in the Castle of Haapsalu 
between the period from 24 October to 23 November 2015. 
The calibration showed that there are few differences between the simulated and measured indoor temperature. 
Simulation temperature is slightly more affected by the change of outdoor temperature, but regardless of the fact that 
there is good agreement between the temperature of measured and calibrated model. There was also satisfactory 
agreement between the measured and simulated moisture content [28].  
3.2. Indoor climate simulations 
3.2.1. Simulation case 1 
The purpose of this case was to determine the need of drying and humidifying systems. With the first simulation 
room heating and minimum supply air temperature were applied. The set point for both was +10 °C. The simulation 
was done with all four outdoor climate conditions. 
Highest room heating power was 60 W/m2 to maintain the indoor temperature of +10 °C. The highest heating 
power applied to the supply air was also with the cold climate, 35 W/m2. 
Relative humidity (Fig. 2, b), on the other hand, is very unstable and lies between 18…100%. Throughout the 
year in 41% of the time the relative humidity is above 70%. Lower RH in winter period is due to room heating. 
Simulations show great moisture transfer fluctuation between the room and walls and mainly influenced by the 
outdoor climate. Nevertheless, the average moisture transfer with different climate conditions is still 0.7…0.9 g/m3 
from walls to room and it is derived from walls large water content. 
With the supply air inlet air temperature being +10 °C and the airflow of 1 l/(s·m2), the heating capacity with 
different climate conditions is between 24…36 W/m2 and the yearly energy consumption with cold climate  
38 kWh/(m2·a).  
Because of large heat losses local heating unit is still needed to hold the minimum of +10 °C in the room. The 
heating capacity for local unit with different climate conditions is between 46…61 W/m2 and the highest energy 
consumption is with cold winter, 151 kWh/(m2·a). 
 
 
a b 
 
Fig. 2 Simulation nr.1: a) temperature, b) relative humidity 
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3.2.2. Simulation case 2 
With simulation case 2, conservation heating (CH) was added to the first simulation. With CH, the indoor RH 
was controlled throughout the year to keep it RHd70% by heating the room to the point where relative humidity is 
reduced to an acceptable value. Because the RH is the highest in summer and autumn with the period average of 
75% then the heating capacity is the highest in this period, between 40…52 W/m2 in different climate conditions. 
The energy consumption is the highest in cold climate, 53 kWh/(m2·a). 
CH also increases indoor temperature to reduce RH. Annual average temperature increase is 1.3 °C and during 
the summer-autumn period when the RH is the highest, the average temperature increase is 2.2 °C. Short term 
maximum temperature increase is 8.1 °C. 
CH is capable to reduce the RH to the desired level. Nevertheless, it is more efficient to use it in colder climate 
while there is desire to heat the room as well. In the summer period, the usage of CH is not suitable as it will 
increase already high indoor temperature.  
3.2.3.  Simulation cases 3–4 
In simulation 3 and 4, the water surface area was reduced to simulate the situation where for longer period of 
time the climate control systems in the room would have dried out the massive limestone walls and the moisture 
movement from the walls to the room would have reduced. Water surface area of 4 m2 per room was used.  
Annual average moisture transfer from walls to the room was reduced by 0.77 g/m3, from 0.83 g/m3 to 0.06 g/m3 
and the annual RH was reduced by 7%. Indoor temperature difference was virtually unnoticeable.  
Total annual energy consumption with supply air heating, room heating, and CH was reduced from 186 to 
172 kWh/(m2·a) (without drying or humidifying in air handling unit).  
3.2.4. Simulation case 5 
The airflow was changed in the fifth simulation from constant airflow of 1 l/(s·m2) to variable airflow:  
2.5 l/(s·m2) at the day time from 10:00 to 18:00, and 0.3 l/(s·m2) at night. In addition, humidification was added to 
the room to keep the minimum RH of 40% in the room. For this simulation only extreme climate conditions were 
used: warm summer and humid autumn. 
Room heating is necessary to prevent the temperature to drop below the desired limit. Heating reduces the RH in 
the room increasing the air potential to hold water vapour. Therefore, humidification is necessary in the colder 
period where the outdoor moisture content is lower.  
In summer period, larger airflow rate during the day time increases the indoor temperature. The maximum indoor 
temperature is 28 °C in warm summer and above 24 °C, i.e. 25% of the time in July. RH in the summer time is 37% 
of time above 70% and in the autumn 41% of the time above 70%. 
Ventilation airflow changes have also increased the maximum heating capacity of the ventilation heating unit 
from 32 W/m2 to 68 W/m2 with the humid autumn climate. The maximum room heating capacity is 154 W/m2. 
Annual energy consumption compared to simulation case 1 has increased from 132 kWh/(m2·a) to  
192 kWh/(m2·a). This was also caused partly due to the changes in ventilation airflow rates. 
3.2.5. Simulation cases 6–7 
With the simulation case 6, visitors were divided into two groups for two hours per day to the simulation to see 
how the heat and moisture production of the people would affect the indoor climate. 
The room temperature reaches the maximum of 29.0 °C and in July, the temperature is 43% of the time above 
24°C. This is 18% more than it was with a simulation without people. 
When CH is added with simulation case 7, the highest temperature in July is 29.6 °C and it is 60% of the time 
above 24°C that is 16% higher that with simulation case 6. 
Simulations show that in summer period, temperature and RH values are quite high (Fig. 3). This high 
temperature and RH conditions are not suitable for museums because they cause discomfort for visitors and museum 
staff. High relative humidity levels with high enough temperature and also thrive mould growth [4,6]. Therefore, in 
summer, cooling and dehumidification are needed. 
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a b 
 
Fig. 3 Simulation nr.6: a) temperature, b) relative humidity 
Table 4. Conclusion of simulation results 
Sim. 
case  
Average temperature, 
ti °C 
Average RH, 
RHi, % 
Time when 
RH > 70%, % 
Capacity, 
 W/m2 
Energy use, 
kWh/(m2∙a) 
 
Mont
h 
D, 
J, 
F 
M, 
A, 
M 
J, 
J,   
A 
S, 
O, 
N 
D, 
J, 
F 
M, 
A, 
M 
J, 
J,   
A 
S, 
O, 
N 
D, 
J, 
F 
M, 
A, 
M 
J, 
J,   
A 
S, 
O, 
N 
Heatin
g 
Vent. Heating Vent. 
1 10 11 17 11 42 56 79 70 2 25 82 54 61 36 155 38 
2 10 12 20 13 41 55 68 63 0 0 0 0 61 36 190 38 
3 10 11 17 11 35 50 73 64 1 13 63 4 61 36 156 38 
4 10 11 19 12 35 49 66 59 0 0 0 0 61 36 176 38 
5 10 11 18 11 48 60 76 70 2 28 73 52 154 69 195 19 
6 10 12 19 12 50 65 75 74 4 40 69 63 149 69 158 19 
7 10 12 21 13 49 60 66 65 0 0 0 0 149 67 191 19 
3.2.6. The summary of simulation cases 
 
The summary of simulation results is presented in Table 4. 
4. Conclusion 
In this study research was carried out to analyse the indoor climate and the necessity of climate control systems in 
the museum of medieval Episcopal Castle of Haapsalu in Estonia. The main target is to find out capability of passive 
measures for climate conditions to avoid active drying and humidifying. 
Measurements and dynamic indoor climate and energy simulations showed following findings: 
 
x Short term field measurements and indoor climate simulations show that without the climate control systems in 
the Castle of Haapsalu the indoor temperature and relative humidity are unsuitable for museum exhibitions as 
well as for staff and visitors.  
x Simulations show that the indoor climate is largely dependent of the outdoor climate as well as the massive 
limestone walls with large thermal and moisture capacity. 
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x Simulations indicate extensive indoor temperature fluctuation throughout the year without indoor climate 
systems. Low room temperature was during the colder period. In summer period, the indoor temperature of the 
room reaches quite high levels.  
x Without indoor climate systems relative humidity annual fluctuation is between 18…100%. Relative humidity is 
low in the colder periods due to the heating. In summer and autumn periods, the indoor relative humidity is high 
and highly influenced by outdoor climate and ventilation. 
x During extreme warm period, indoor temperature can increase above 27° C and can reach up to 1500 ºC·h.  
x It was difficult to provide strict required indoor climate conditions for museums through the year only with 
passive measures. 
 
Based on indoor climate and energy simulations we could make following recommendations for future design: 
 
x To ensure suitable indoor climate, room heating is needed. Room units are needed to ensure the desired indoor 
temperature during the cold period that is suitable for the museum exhibitions as well for staff and visitors. 
Supply air heating is required for air handling units to avoid cold air supply to the rooms. 
x For suitable RH levels, winter period humidification is needed. Due to the heating in winter period, RH can drop 
below the desired limit. Low RH levels are unsuitable for museum exhibitions as it can cause cracking of 
moisture sensitive materials. 
x Dehumidification in needed during summer and autumn periods. Massive limestone walls as well as visitors 
increase the indoor relative humidity. When cooling is added, the RH levels would rise even more and 
condensation on walls can occur. Therefore, dehumidification is needed to keep the RH below the desired limit. 
x Because in medieval castle it was difficult to provide strict required indoor climate conditions for museums 
through the year, very sensitive objects is needed keep in climatic chambers. 
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